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Molecular dynamics computer simulations are employed to investigate the possibility to deposit organic
molecules of octane and β -carotene by a soft-landing of Ar mixed gas cluster projectiles at the Ag(111) sur-
face at an incident angle of 45◦. The effect of a projectile composition and its kinetic energy on the efficiency
of molecular deposition is investigated. It is shown that deposition of organic material from mixed gas clusters is
possible for kinetic energy below 8 keV, which corresponds to approximately 0.02 eV/nucleon in a cluster consist-
ing of 10000 argon atoms.
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1. Introduction
Soft and reactive landing of mass-selected clusters
onto surfaces have become a topic of substantial inter-
est due to their promising potentials for the highly con-
trolled preparation of materials. These deposition tech-
niques overcome many of the limitations associated with
conventional thin-film production techniques and offer
unprecedented selectivity and specificity of preparation
of deposited species [1, 2]. For instance, soft-landing
has been used extensively for deposition of nanoclusters
and biological molecules. The structure and properties
of the resulting materials are controlled by the properties
of the projectile and the chemical properties of the sur-
face. The critical parameter of soft-landing is the ki-
netic energy of deposited clusters. This energy should be
kept at a low value to prevent substrate and nanoclus-
ter reorganization [1]. It has been observed that the ki-
netic energy range for soft-landing can be significantly ex-
tended by application of weakly bound overlayers, which
allow the deposited cluster to dissipate its kinetic en-
ergy gently. It is accomplished, for instance, by deposit-
ing a thin buffer layer composed of rare-gas atoms at
the surface [1, 3]. In principle, the same action could be
achieved by embedding deposited entities inside the no-
ble gas cluster projectiles. Application of such concept
would also allow increasing the primary kinetic energy,
as most of this energy would be carried away by non-
bonding rare-gas atoms. Higher primary kinetic energy
would allow working with more focused beams, elimi-
nating a drawback of standard soft-landing approaches




In this paper, we test this concept by investigating
the impact of mixed octane/Ar and β -carotene/Ar clus-
ter projectiles on the Ag(111) substrate. The effect
of the primary kinetic energy, the molecular size, and
the cluster composition on the deposition efficiency of
organic molecules and on the molecular fragmentation
is investigated.
2. Computer model
A detailed description of the molecular dynamics com-
puter simulation used to model cluster bombardment can
be found elsewhere [4]. Briefly, the motion of the parti-
cles is determined by integrating Hamilton’s equations
of motion. The forces among the particles are described
by a blend of pairwise additive and many-body poten-
tial energy functions. The interactions among C and
H atoms are described by adaptive interatomic reactive
bond order potential (AIREBO) [5]. Embedded atom
potential (EAM) is used to describe the Ag–Ag interac-
tions [6]. The Ar–Ar [7], Ar–(C,H), and Ag–(Ar,C,H) [8]
interactions are described by a pairwise Lennard-Jones
potential with appropriate parametrizations. These in-
teractions result in average binding energy of 0.07 eV
for an Ar atom, and 0.8 eV and 4.4 eV for octane and
β-carotene molecules, respectively.
The shape and size of the sample were chosen based
on visual observation of the cluster impact. As a re-
sult, a hemispherical shape with a radius of 15 nm
is chosen to absorb impact wave propagation best.
In order to capture the sliding motion of molecules
from atomized cluster additional cuboid volume was
added to the hemisphere with dimensions of 200 nm
× 150 nm × 3 nm. Rigid and stochastic regions with
a thickness of 0.3 and 1.7 nm, respectively, were used
around the sample to preserve the shape of the sys-
tem and to simulate thermal bath that keeps the sam-
ple at T = 0 K and helps inhibit the pressure wave re-
flection from the system boundaries [9]. Argon gas
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clusters containing organic molecules with mass concen-
tration of 2%, 4%, 8%, and 12% were created with Pack-
mol package [10] and then thermalized at T = 50 K
for 1 ns using the Langevin thermostat [11]. The pro-
jectile impact angle was 45 degrees, and its kinetic en-
ergy was varied between 2 and 35 keV. Octane (C8H18)
and β -carotene (C40H56) molecules were chosen to probe
the effect of the molecular size on the deposition effi-
ciency. All projectiles had the same mass corresponding
to the mass of Ar cluster consisting of 10000 Ar atoms.
In other words, they had the same velocity at a given ki-
netic energy. The simulations were run in an NVE ensem-
ble and extended up to 80 ps, which was long enough to
achieve saturation in the coverage. Simulations were per-
formed with the large-scale atomic/molecular massively
parallel simulator (LAMMPS) code [12]. Nine randomly
selected impact points located near the center of the sam-
ple were chosen to achieve statistically reliable data.
3. Results and discussion
The fractions of deposited organic molecules for octane
and β -carotene doped argon gas clusters with a differ-
ent mass composition as a function of the cluster initial
kinetic energy are shown in Fig. 1. The general shape
of this curve is similar for octane and β -carotene re-
gardless of their different sizes. Such behavior can be
Fig. 1. Dependence of a fraction of deposited
molecules on the initial kinetic energy for argon
clusters with different composition of (a) octane and
(b) β -carotene.
attributed to a similar scaling of the primary kinetic
energy of the molecules inside the projectiles, and
their binding energy to the surface with the size of
the molecule. At low projectile kinetic energy almost
all organic molecules are adsorbed at Ag(111). The de-
position probability begins to decrease at higher kinetic
energy and drops to nearly zero at 35 keV. At kinetic en-
ergy below 8 keV, which corresponds to 0.02 eV/nucleon,
the fraction of deposited molecules does not depend on
the molecular concentration. This parameter begins to
influence the fraction of adsorbed molecules above ap-
proximately 8 keV. Projectiles having a larger number of
organic molecules deposit a larger fraction of molecules.
In all investigated cases, no ejection of substrate atoms
is observed.
Temporal evolution of projectile impact containing
12% of β -carotene is shown in Fig. 2 for 8 and 24 keV pro-
jectiles. In both cases, the impinging projectile de-
forms immediately after the impact adopting a flat el-
lipsoidal shape. The molecules move slowly near the sur-
face during 8 keV impact. The interaction is long, and
the molecules have enough time to slow down. Almost all
molecules remain at the surface. The increase in the pri-
mary kinetic energy has a twofold effect on the behavior
of impinging molecules. Firstly, the kinetic energy stored
in their movement is increased. Consequently, the inter-
action time of molecules with the surface is reduced and
they have less time to lose kinetic energy. As a result,
a smaller fraction of these molecules is deposited. In ad-
dition, collisions between the molecules and the Ag sur-
face become violent, which leads to a molecular fragmen-
tation and a further decrease in the number of deposited
molecules.
Fig. 2. Cross-sectional view of temporal evolution of
deposition event for 12% Ar/β -carotene projectile with
kinetic energy of (a) 8 keV and (b) 24 keV. Ar atoms and
atoms forming a molecule are represented as small and
large spheres, respectively. Continuous and dotted grid
lines are separated by 10 nm and 1 nm, respectively.
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Temporal evolution of the 2% and 12% Ar/β -carotene
projectiles impinging Ag (111) surface with a kinetic
energy of 16 keV is shown in Fig. 3 to investigate
a strong dependence of the deposited molecular fraction
on the projectile concentration observed above 8 keV.
At this kinetic energy, the interaction time is reduced.
For a 2% projectile, only a few molecules remain close to
the surface long enough to become decelerated by an in-
teraction with the surface. In the case of a 12% pro-
jectile, a larger number of molecules get in contact with
the Ag(111) surface. Furthermore, these molecules in-
teract also with other molecules that do not have con-
tact with the surface. Due to these indirect interactions,
some of these molecules can also be slowed down and re-
main attached to the surface. The process leads to a for-
mation of clustered molecular nanostructures deposited
at the surface.
Fig. 3. Cross-sectional view of temporal evolution
of the deposition event for (a) 2% and (b) 12%
Ar/β -carotene projectile impacts with 16 keV kinetic
energy. Ar atoms and atoms forming a molecule are rep-
resented as small and large spheres, respectively. Con-
tinuous and dotted grid lines are separated by 10 nm
and 1 nm, respectively.
4. Conclusions
The possibility of deposition of organic molecules
at the Ag(111) surface has been investigated using molec-
ular dynamics computer simulations. It has been shown
that organic molecules can be deposited on the surface by
this approach. The size of the molecule has a small effect
on the fraction of deposited molecules. However, this
quantity strongly depends on the initial kinetic energy
of the projectile. Such behavior is attributed to a de-
crease of the interaction time of molecules with the sur-
face and to the increase of the primary kinetic energy
above the surface bounding energy limit. Above certain
kinetic energy, the fraction of deposited molecules also
depends on the projectile composition. Effect of indirect
interaction through intermolecular forces is responsible
for such behavior.
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